Introduction
============

Birt-Hogg-Dubé syndrome arises from loss-of-function mutations in the folliculin (FLCN) gene and is characterized by a constellation of symptoms that includes the growth of benign hair follicle tumors (folliculomas), increased risk for the growth of pulmonary cysts, and pneumothorax, as well as an elevated incidence of renal carcinoma ([@bib45]). The abnormal proliferation of select cell types in Birt-Hogg-Dubé syndrome raises questions about the molecular mechanisms whereby FLCN normally suppresses such pathology. Studies in human Birt-Hogg-Dubé syndrome patient cells and model organisms lacking FLCN have suggested roles for FLCN in multiple processes including mTOR signaling, transforming growth factor β (TGF-β) signaling, AMP-activated protein kinase (AMPK) signaling, JAK-STAT signaling, cell adhesion, membrane traffic, and cilia function ([@bib52]; [@bib10]; [@bib2]; [@bib59]; [@bib64]; [@bib20]; [@bib25]; [@bib26]; [@bib8]; [@bib47]; [@bib62]; [@bib37]). Although it is possible that the numerous changes arising in cells that lack FLCN reflect multiple sites of action for this protein, it is also possible that at least some of these phenotypes arise through indirect mechanisms. Addressing this issue requires a more mechanistic understanding of FLCN function, including the identification of its direct targets.

Of the large number of pathways that have been linked to FLCN, the FLCN--mTOR relationship stands out for having been observed across a very wide range of organisms, including fission yeast ([@bib64]), budding yeast ([@bib10]), fruit flies ([@bib35]), mice ([@bib20]; [@bib26]), and humans ([@bib2]; [@bib61]; [@bib20]). mTOR exerts its function as part of two distinct protein complexes known as mTORC1 and mTORC2 ([@bib38]; [@bib13]; [@bib32]). Based on pharmacological sensitivity, genetic interactions, and the specific substrates that show altered phosphorylation in cells lacking FLCN, it is specifically the mTORC1 complex that is linked to FLCN ([@bib2]; [@bib64]; [@bib20]).

mTORC1 integrates multiple inputs to regulate the balance between major anabolic and catabolic cellular processes ([@bib38]; [@bib13]; [@bib32]). mTORC1 is recruited to the cytoplasmic surface of lysosomes as an effector of Rag GTPase heterodimers ([@bib54], [@bib55]). This recruitment is sensitive to the guanine nucleotide bound state of the Rag GTPases, which is in turn controlled by amino acid availability ([@bib30]; [@bib54]). Bringing mTOR to lysosomes is critical for the activation of its kinase activity by Rheb, a lysosome-enriched GTPase that is regulated by growth factor signaling and energy abundance ([@bib27]; [@bib43]). Although previous studies of the relationship between FLCN and mTORC1 have detected changes in levels of mTORC1 substrate phosphorylation in cells lacking FLCN, no direct mechanistic connection between FLCN and the lysosome-localized mTORC1 or its regulators has been established to explain these changes.

It has also been shown that FLCN inhibits the nuclear accumulation of transcription factor E3 (TFE3) by promoting its phosphorylation ([@bib24]). This finding raises questions about the specific mechanism through which FLCN influences TFE3 phosphorylation and the identity of the specific kinase involved. TFE3 is a basic-helix-loop-helix transcription factor that is closely related to transcription factor EB (TFEB) and the microphthalmia transcription factor (MITF; [@bib22]). Building on our previous observations that lysosome status plays a major role in regulating the subcellular localization of MITF, TFE3, and TFEB (MiT-TFE) through an mTORC1-dependent mechanism ([@bib53]) as well as the established link between FLCN and mTOR signaling, we hypothesized that FLCN regulates MiT-TFE transcription factor nuclear localization through control of mTORC1 activity.

Following up on this hypothesis, we now show that FLCN regulates TFEB by promoting its phosphorylation on serine 211 (S211), a phosphorylation site we previously identified as a downstream target of mTORC1 that controls nuclear import of TFEB through promoting the interaction of TFEB with 14-3-3 proteins ([@bib53]). TFEB has been described as a master regulator of lysosome biogenesis and function ([@bib56]), and indeed the accumulation of nuclear TFEB in cells lacking FLCN results in TFEB-dependent changes in lysosome function. Following up on the previously established role for mTORC1 in the regulation of TFEB, we found that FLCN is required for efficient stimulation of mTORC1 activity by amino acids. Interestingly, FLCN itself is recruited to the cytoplasmic surface of lysosomes when cells are depleted of amino acids, and FLCN-interacting protein 1 (FNIP1) is required for this regulated localization. We directly connect FLCN to mTORC1 regulation at the lysosome with our observation that it selectively binds to the inactive forms of RagA and RagB (amino acid--regulated GTPases that recruit mTORC1 to lysosomes) and is critical for their activation. In summary, this study provides molecular insight into the actions of FLCN, the Birt-Hogg-Dubé syndrome tumor suppressor, and identifies FLCN as a critical component of the lysosome-localized machinery that transduces amino acid availability into the changes in Rag GTPase status that promote activation of mTORC1.

Results
=======

FLCN regulates lysosome activity through control of TFEB localization
---------------------------------------------------------------------

Although it was previously shown that the TFE3 transcription factor exhibited more nuclear localization and altered phosphorylation in Birt-Hogg Dubé syndrome renal carcinoma cells ([@bib24]), it was not known whether such observations reflected a general relationship between FLCN and this family of transcription factors, nor were the underlying mechanisms known. As a first step toward solving this problem, we examined the consequences of FLCN knockdown (KD) in HeLa cells stably expressing TFEB-GFP. The knockdown of FLCN elicited both an increase in the nuclear abundance of TFEB and a loss of the TFEB-positive cytoplasmic puncta that have previously been shown to reflect its localization to lysosomes ([Fig. 1, A and B](#fig1){ref-type="fig"}; [@bib42]; [@bib53]; [@bib57]). As the nuclear localization of TFEB is tightly controlled by mTORC1-dependent phosphorylation of TFEB on serine 211, which results in its interaction with 14-3-3 proteins ([@bib42]; [@bib53]), we next investigated the contribution of FLCN to regulation of TFEB-S211 phosphorylation and 14-3-3 interactions, and found that both were diminished after FLCN knockdown ([Fig. 1 C](#fig1){ref-type="fig"}). These observations suggested a role for FLCN in the regulation of mTORC1 and the possibility that enhanced nuclear localization of TFEB and/or related transcription factors contributes to the phenotype of cells lacking FLCN.

![**FLCN controls TFEB-dependent regulation of lysosomes.** (A) Spinning disk confocal imaging of TFEB-GFP localization ± FLCN knockdown. (B) Quantification of the effect of FLCN knockdown on the nuclear/cytoplasmic ratio of TFEB-GFP (*n* = 3 experiments, mean ± SEM; \*, P \< 0.05 by ANOVA with Bonferroni post-test). (C) Representative Western blots of anti-GFP immunoprecipitations from a stable TFEB-GFP HeLa cell line ± FLCN knockdown (*n* = 3). (D) Lysotracker labeling of HeLa cells transfected with the indicated siRNAs or after treatment with torin 1 (250 nM, 24 h). (E) Quantification of Lysotracker staining (*n* = 3 experiments, ANOVA with Bonferroni post-test, mean ± SEM; \*\*, P \< 0.01; \*\*\*, P \< 0.001). Bars: (A and D) 10 µm. All images acquired by spinning disk confocal microscopy.](JCB_201307084_Fig1){#fig1}

TFEB regulates the expression of multiple genes encoding lysosomal proteins and its robust overexpression was previously shown to increase the labeling of cells with Lysotracker, a fluorescent dye that selectively accumulates within the acidic lumen of lysosomes ([@bib56]; [@bib51]). We thus investigated whether FLCN-dependent regulation of TFEB has lysosomal consequences and found that FLCN KD cells exhibit increased Lysotracker staining ([Fig. 1, D and E](#fig1){ref-type="fig"}). This effect requires TFEB, as it was abolished in cells where the expression of both FLCN and TFEB was suppressed ([Fig. 1, D and E](#fig1){ref-type="fig"}). Direct pharmacological inhibition of mTOR also elicited an increase in Lysotracker labeling of similar magnitude to that seen after FLCN KD ([Fig. 1, D and E](#fig1){ref-type="fig"}). These results showed that loss of FLCN affects lysosome function and support a model wherein such effects arise through mTORC1-dependent regulation of TFEB.

Loss of FLCN results in reduced mTORC1 activity
-----------------------------------------------

Building on our observation of diminished TFEB-S211 phosphorylation in FLCN knockdown cells ([Fig. 1](#fig1){ref-type="fig"}) and to more directly determine the contribution of FLCN to mTORC1 activity, we measured the phosphorylation of ribosomal protein S6 kinase (S6K1) on threonine 389 (T389), a well-characterized mTORC1 phosphorylation site ([@bib38]), and found that FLCN KD resulted in a significant reduction in its phosphorylation ([Fig. 2, A and B](#fig2){ref-type="fig"}). Additional analysis of ribosomal protein S6 phosphorylation (serine 235/236), a highly abundant target of S6K1, revealed a similar decrease ([Fig. 2, A and C](#fig2){ref-type="fig"}). As treatment with torin 1 (an ATP-competitive inhibitor of mTOR) completely abolished the phosphorylation of both S6K1 and S6 on these sites ([Fig. 2, A and C](#fig2){ref-type="fig"}; [Fig. S1 B](http://www.jcb.org/cgi/content/full/jcb.201307084/DC1){#supp1}), the effects of FLCN knockdown on S6K1 and S6 phosphorylation must reflect a partial loss of mTOR activity. Surprisingly, phosphorylation of 4E-BP1 on mTORC1 target sites (threonines 37/46) was not affected by FLCN knockdown (Fig. S1 A). However, in accordance with a previous study ([@bib63]) we also observed that inhibition of mTORC1-dependent phosphorylation of these sites was also less sensitive to direct pharmacological inhibition of mTOR (Fig. S1, B and C). Given our specific focus on the role of FLCN, we did not further seek to elucidate the mechanisms whereby TFEB and S6K1 are more sensitive than 4E-BP1 to inhibition of mTORC1 activity. The effects of FLCN knockdown on S6K, S6, and TFEB phosphorylation supported a role for FLCN in regulating steady-state levels of mTORC1 signaling, but raised further questions about the specific aspect of mTORC1 regulation that is influenced by FLCN.

![**FLCN regulates mTORC1 activity and localization.** (A) Western blot analysis of the phosphorylation of reporters of mTORC1 activity ± FLCN siRNA. (B and C) Quantification of the effects of FLCN siRNA on S6K1 (T389) and S6 (S235/236) phosphorylation (mean ± SEM; \*\*\*, P \< 0.001, ANOVA with Bonferroni post-test, *n* = 3--4 experiments). (D) Representative immunofluorescence images showing the localization of mTOR ± FLCN siRNA (line-scanning confocal imaging, *n* = 3; bar, 10 µm). (E) Representative immunofluorescence images showing the localization of LAMP1 and RagC in cells transfected with control vs. FLCN siRNA. Bars: (D and E) 10 µm; (inset) 5 µm. (F) Representative Western blots and quantification (G) showing the effects of FLCN knockdown on starvation (2 h in serum and amino acid--free RPMI) and amino acid--dependent stimulation (20 min after addition of 1× MEM amino acid supplement) of S6 phosphorylation (S235/236, mean ± SEM; \*\*\*, P \< 0.001, ANOVA with Bonferroni post-test, *n* = 3 experiments). All experiments were performed in HeLa cells.](JCB_201307084_Fig2){#fig2}

FLCN is required for the enrichment of mTOR on lysosomes
--------------------------------------------------------

To begin to dissect the defect that underlies the reduced mTORC1 activity in FLCN-deficient cells, we investigated the localization of mTOR under such conditions. In support of a role for FLCN in promoting the lysosomal recruitment of mTOR, immunofluorescence staining revealed a dramatic reduction in the punctate, lysosomal (LAMP1-colocalized) staining pattern for mTOR in FLCN KD cells under basal growth conditions ([Fig. 2 D](#fig2){ref-type="fig"} and [Fig. S2, A and B](http://www.jcb.org/cgi/content/full/jcb.201307084/DC1){#supp2}). As amino acid abundance plays a well-established role in regulating the Rag GTPase-mediated recruitment of mTORC1 to lysosomes ([@bib28]; [@bib32]), mTOR localization was further assessed under starved (2 h without serum or amino acids) and amino acid re-fed conditions. In cells transfected with a negative control siRNA, starvation resulted in diminished lysosome-localized mTOR staining and mTOR robustly returned to lysosomes after re-addition of amino acids to the culture media for 20 min (Fig. S2 A). Meanwhile, in FLCN-depleted cells, mTOR failed to be enriched on lysosomes regardless of amino acid availability (Fig. S2 B). Given the critical role for Rag GTPases in the recruitment of mTOR to lysosomes ([@bib55]), we investigated their localization in FLCN knockdown cells but did not detect any decrease in their lysosome enrichment ([Fig. 2 E](#fig2){ref-type="fig"}). The failure to recruit mTOR combined with the maintained presence of Rags on lysosomes in FLCN knockdown cells suggests that loss of FLCN results in a defect in the regulation of Rag activity rather than a problem with Rag abundance or localization.

FLCN is required for responsiveness of mTORC1 activity to amino acids
---------------------------------------------------------------------

We next investigated the contribution of FLCN to the acute regulation of mTORC1 signaling by amino acids using phospho-S6 as our readout, due to its robust signal and established mTOR dependence in our cell culture model ([Fig. 2, A and C](#fig2){ref-type="fig"}; and Fig. S1 B). In these experiments, we observed that when cells were starved of serum and amino acids for 2 h, levels of S6 phosphorylation fell to a similar basal level in both control and FLCN siRNA-transfected cells ([Fig. 2, F and G](#fig2){ref-type="fig"}). Starting from this near equivalent minimal level of S6 phosphorylation, we next stimulated cells with amino acids for 20 min and found that although this completely restored S6 phosphorylation in the control siRNA-transfected cells, the FLCN KD cells failed to respond to this stimulus ([Fig. 2, F and G](#fig2){ref-type="fig"}). A similar insensitivity to amino acid stimulation was observed for mTORC1-dependent phosphorylation of TFEB-S211 (Fig. S2, C and D). These results demonstrate a critical role for FLCN in promoting the amino acid responsiveness of mTORC1 signaling.

FNIP1 promotes the recruitment of FLCN to lysosomes
---------------------------------------------------

The contribution of FLCN to the recruitment of both TFEB and mTOR to lysosomes raised questions about the subcellular localization of FLCN itself. We observed a largely diffuse localization pattern in cells transfected with FLCN fused to either red or green fluorescent proteins ([Fig. 3 A](#fig3){ref-type="fig"} and [Fig. S3 A](http://www.jcb.org/cgi/content/full/jcb.201307084/DC1){#supp3}, respectively). However, we wondered whether FLCN might function as part of a protein complex and that a critical component of this complex might be limiting for the proper subcellular targeting of FLCN in transfected cells. We predicted that FNIP1, the major binding partner of FLCN ([@bib2]), might fulfill such a role. Indeed, consistent with a role for FNIP1 in the same pathway as FLCN, FNIP1 knockdown also evoked an increase in the nuclear localization of TFEB (Fig. S3, B--D) that paralleled our observations for FLCN knockdown ([Fig. 1 A](#fig1){ref-type="fig"}). Furthermore, an FNIP1-GFP fusion protein was enriched on dextran-labeled lysosomes ([Fig. 3 B](#fig3){ref-type="fig"}), and when cells were cotransfected with both FLCN-tdTomato and FNIP1-GFP, FLCN exhibited a punctate pattern that colocalized with both FNIP1 and lysosomes ([Fig. 3 C](#fig3){ref-type="fig"}). In cells where the size of endo-lysosomes was increased by treatment with vacuolin ([@bib9]), it was clear that FLCN and FNIP1 were selectively associated with the limiting membrane of lysosomes and did not fill their lumen ([Fig. 3 D](#fig3){ref-type="fig"}).

![**FLCN and FNIP1 colocalize on lysosomes.** (A) Localization of FLCN-tdTomato (red, diffuse) and LAMP1-mGFP (green, lysosomes). (B) FLCN-interacting protein 1 (FNIP1)-GFP (green) localizes to Alexa 647 dextran-positive (magenta) lysosomes. (C) Cells cotransfected with FLCN-tdTomato (red) and FNIP1-GFP (green) whose lysosomes were loaded with Alexa 647 dextran (magenta). (D) FLCN-tdTomato and FNIP1-GFP colocalization clearly occurs on the surface of the enlarged endosomes/lysosomes that form in vacuolin-treated (5 µM, 1 h) cells. All images were obtained by spinning disk confocal microscopy of live HeLa cells. Bars: (A--D) 10 µm; (insets) 5 µm.](JCB_201307084_Fig3){#fig3}

Epitope tagging the endogenous FLCN protein via a CRISPR/Cas9 RNA guided genome editing strategy
------------------------------------------------------------------------------------------------

The FNIP1-dependent recruitment of FLCN to lysosomes after their combined overexpression placed FLCN on the same organelle where mTORC1 activation takes place. To further investigate the specificity of this lysosomal enrichment, we next sought to assess the subcellular localization of the endogenous FLCN protein. Initial efforts with multiple anti-FLCN antibodies failed to yield a specific immunofluorescence signal, as assessed by siRNA-mediated knockdown experiments (unpublished data). We reasoned that the FLCN antibodies could have failed in these immunofluorescence experiments due to issues of epitope accessibility and/or antibody affinity. To circumvent these possible limitations, we used RNA-guided (CRISPR-Cas9) genome engineering ([@bib11]; [@bib39]) to insert a 3xHA epitope tag encoding sequence into the human FLCN gene ([Fig. S4, A and B](http://www.jcb.org/cgi/content/full/jcb.201307084/DC1){#supp4}). Through this approach we generated a clonal HeLa cell line that expresses FLCN with a 3xHA tag at its N terminus (3xHA-FLCN) from the endogenous locus ([Fig. 4 A](#fig4){ref-type="fig"} and Fig. S4 C). In addition to insertion of the 3xHA tag at the site of Cas9-mediated DNA cleavage of the FLCN gene by homology-directed repair, cells can also repair such lesions by nonhomologous end joining, a lower fidelity process that can result in small insertions/deletions ("indels"). Analysis of the genomic PCR amplicons from the edited region of the FLCN gene revealed that the 3xHA tag had only been inserted into one FLCN allele by homologous recombination while errors in nonhomologous end joining introduced frameshift causing deletions of 1 bp and 16 bp respectively into the other two FLCN alleles of this near triploid cell line (Fig. S4 D). Thus, the 3xHA-FLCN completely replaces the untagged form of FLCN in this cell line.

![**Regulation of the lysosomal recruitment of FLCN by amino acid availability and FNIP1.** (A) Western blot analysis of the 3xHA-tagged endogenous FLCN and phosphorylated S6 protein ± FLCN knockdown. (B) Representative immunofluorescence experiment showing the effect of FLCN knockdown on the levels of endogenous 3xHA-FLCN. (C) Representative images showing the effect of starvation (2 h serum and amino acid--free RPMI) and amino acid re-feeding (1× MEM amino acid solution, 15 min) on 3xHA-tagged endogenous FLCN and LAMP1 in control conditions or (D) after FNIP1 knockdown. All images obtained by line scanning confocal microscopy. Bars: (B--D) 10 µm; (inset) 5 µm. All experiments were performed in HeLa cells.](JCB_201307084R_Fig4){#fig4}

Exclusive expression of the 3xHA-FLCN protein was verified by immunoblots with anti-HA and FLCN antibodies that selectively detected a band in lysates from the 3xHA-FLCN cell line that migrates slightly higher than the untagged FLCN, and which is less abundant as expected based on its expression from just a single locus ([Fig. 4 A](#fig4){ref-type="fig"}). The identity of this band was further confirmed by the fact that it is effectively depleted after transfection of FLCN siRNA ([Fig. 4 A](#fig4){ref-type="fig"}). The functionality of the 3xHA-FLCN protein is supported by the normal levels of mTORC1 activity, as assessed by S6 phosphorylation in this cell line compared with the parental HeLa M cell line ([Fig. 4 A](#fig4){ref-type="fig"}), and the similar decrease in phospho-S6 after FLCN knockdown in both the parental and 3xHA-FLCN cell lines ([Fig. 4 A](#fig4){ref-type="fig"}). Having generated a cell line that exclusively expresses a functional 3xHA-tagged form of FLCN, we proceeded to take advantage of anti-HA antibodies to investigate the localization of FLCN.

Amino acid--dependent recruitment of FLCN to lysosomes
------------------------------------------------------

Surprisingly, given our observations of strong lysosome localization in cells overexpressing fluorescent protein--tagged versions of FLCN and FNIP1, the 3xHA-FLCN was not enriched on lysosomes under basal cell culture conditions; yet this signal was specific as it was depleted in cells transfected with FLCN siRNA ([Fig. 4 B](#fig4){ref-type="fig"}). As our previous experiments indicated a specific requirement for FLCN in the stimulation of mTORC1 activity by amino acids, we next examined the localization of FLCN across basal growth, starved, and re-fed conditions. These experiments revealed that 3xHA-FLCN is selectively recruited to lysosomes in response to starvation but rapidly disperses from them in response to amino acid resupplementation ([Fig. 4 C](#fig4){ref-type="fig"}). Thus, in contrast to the constitutive lysosomal localization after co-overexpression of both FLCN and FNIP1 ([Fig. 3](#fig3){ref-type="fig"}), the 3xHA-FLCN expressed from the endogenous locus exhibited a much more selective, starvation-dependent recruitment to lysosomes. Nonetheless, a role for FNIP1 in this starvation-stimulated recruitment of FLCN to lysosomes was still apparent, as knockdown of FNIP1 prevented the enrichment of 3xHA-FLCN on lysosomes under such conditions ([Fig. 4 D](#fig4){ref-type="fig"}).

FLCN interacts with Rag GTPases
-------------------------------

Our data show that FLCN dynamically localizes to the surface of lysosomes in a manner that depends on amino acid availability. Likewise, it is critical for both the amino acid--stimulated lysosome recruitment and activity of mTORC1 ([Fig. 2](#fig2){ref-type="fig"}), as well as the enrichment of TFEB on lysosomes ([Fig. 1 A](#fig1){ref-type="fig"}). Interestingly, both mTORC1 and TFEB represent the only currently known effectors of the amino acid--regulated and lysosome-localized Rag GTPases ([@bib32]; [@bib41]). A role for FLCN in Rag GTPase regulation would also fit with recent structural and in vitro biochemical data that suggested a putative guanine nucleotide exchange factor (GEF) function for FLCN, but did not unambiguously identify the relevant GTPase target ([@bib47]). As a first step in testing the hypothesis that the Rag GTPases are the targets through which FLCN regulates mTORC1 and TFEB, we assayed for FLCN--Rag interactions and found that endogenously expressed FLCN co-purified with all four possible combinations of Rag GTPase heterodimers ([Fig. 5 A](#fig5){ref-type="fig"}) after their expression as HA-GST--tagged fusion proteins.

![**FLCN selectively interacts with inactive Rag GTPases.** (A) Representative immunoblots showing that endogenous FLCN co-purifies with all possible combinations of transfected HA-GST--tagged Rag GTPase heterodimers (*n* = 4). (B) Summary of the key properties of the Rag GTPase mutants used in our study. (C) Immunoblot analysis of GST pull-downs from cells transfected with either HA-GST tagged wild-type RagA+C or the indicated combinations of the constitutively active (RagA Q66L = RagA^GTP^ + RagC S75L = RagC^GDP/nucleotide\ free^) and dominant-negative (RagA T21L = RagA^GDP/nucleotide^ free + RagC Q120L = RagC^GTP^) mutants. (D) Quantification of the interaction between FLCN and the indicated Rags. The FLCN signal in each pull-down was normalized to the corresponding abundance of RagC in the same pull-down sample (mean ± SEM; \*, P \< 0.05, ANOVA with Bonferroni post-test, *n* = 4). (E) Immunoblot analysis of GST pull-downs from cells transfected with the indicated combinations of wild-type or dominant-negative recombinant Rag A and C. (F) Effect of starvation (2 h in Earle's buffered saline solution) on the interaction between endogenous FLCN and wild-type HA-GST-RagA+C (*n* = 3). (G) Immunoblot analysis of GST pull-downs from cells transfected with wild-type HA-GST-RagA^nucleotide-free^+C along with control, FLCN, or FNIP1 siRNA. All experiments were performed in HeLa cells.](JCB_201307084_Fig5){#fig5}

FLCN preferentially co-purifies with the inactive form of RagA/B
----------------------------------------------------------------

To determine the effect of Rag activation state on the binding between FLCN and Rags, we focused on the Rag A/C heterodimers and expressed combinations of Rag A and C mutants that lock these GTPases into active and inactive states ([@bib54]) and evaluated their ability to interact with endogenously expressed FLCN. Compared with wild-type Rags, FLCN bound most strongly to the RagA^nucleotide-free^-RagC^GTP^ mutant heterodimer that was previously demonstrated to be inactive with respect to mTORC1 activation ([@bib54]). Consistent with expectations, raptor (an mTORC1 component and RagA/B effector) showed the opposite preference in its interactions with the mutant Rags ([Fig. 5, B--D](#fig5){ref-type="fig"}). Similar observations were made for the interactions between FLCN and equivalent RagB+D mutant heterodimers ([Fig. S5 A](http://www.jcb.org/cgi/content/full/jcb.201307084/DC1){#supp5}). Through analysis of Rag heterodimers with single mutations in either the Rag A or Rag C subunits, it became clear that preventing the nucleotide loading of just RagA is sufficient for promoting maximal FLCN interactions ([Fig. 5 E](#fig5){ref-type="fig"}) under basal cell culture conditions.

FLCN--Rag interactions are enhanced in response to starvation
-------------------------------------------------------------

Amino acid availability is a physiological regulator of the loading of RagA/B with GTP such that when amino acids are scarce, RagA/B loading with GTP is diminished ([@bib54]). We next investigated the effect of cell starvation on the Rag--FLCN interaction and found that it was increased ([Fig. 5 F](#fig5){ref-type="fig"}). This starvation-induced stimulation of the FLCN--Rag interaction fits well with the preference of FLCN to bind RagA mutants that are defective in GTP binding ([Fig. 5 C](#fig5){ref-type="fig"}), as well as the selective enrichment of FLCN on lysosomes under such conditions ([Fig. 4 C](#fig4){ref-type="fig"}). However, the strong binding of FLCN to Rags in the absence of amino acids indicates that the simple binding of FLCN to Rags is not sufficient for their subsequent activation, and that an additional amino acid--dependent signal is required for this to occur.

FNIP1 is required for FLCN--Rag interactions
--------------------------------------------

As FNIP1 is required for the recruitment of FLCN to lysosomes in response to starvation ([Fig. 4 D](#fig4){ref-type="fig"}), we hypothesized that FNIP1 would be required for the FLCN--Rag interactions that are also promoted by this same stimulus ([Fig. 5 F](#fig5){ref-type="fig"}). Indeed, co-purification of FLCN with RagA-C was greatly diminished in FNIP1 knockdown cells ([Fig. 5 G](#fig5){ref-type="fig"}). Interestingly, FNIP1 itself also co-purified with this RagA/C heterodimer in control cells, but not after FLCN knockdown ([Fig. 5 G](#fig5){ref-type="fig"}). This reciprocal requirement for both FLCN and FNIP1 to achieve Rag interactions is consistent with their interacting with the Rags as part of a complex wherein FNIP1 contributes to the lysosomal recruitment and/or Rag interactions of FLCN.

FLCN interacts directly with the GTPase domain of RagA
------------------------------------------------------

Purified recombinant proteins were used to directly assess the binding between FLCN and Rags A and C. We also included Rab35 in these binding assays, as FLCN was previously proposed to act as a Rab35 GEF ([@bib47]). In these experiments, which were performed in the absence of exogenous nucleotide, FLCN preferentially bound to RagA but not to either RagC or Rab35 ([Fig. 6](#fig6){ref-type="fig"}). Furthermore, the FLCN--RagA interaction was also observed with a truncated RagA mutant that comprised just the GTPase domain (amino acids 1--181) but which lacked the C-terminal roadblock domain ([Fig. 6](#fig6){ref-type="fig"}). These results indicate that FLCN can interact directly with RagA via its GTPase domain. As RagA and RagB share \>99% amino acid identity (180 out of 181 amino acids are identical) within their GTPase domains, and FLCN co-purifies with RagB containing heterodimers from cells ([Fig. 5 A](#fig5){ref-type="fig"} and Fig. S5 A), FLCN is strongly predicted to also interact directly with the GTPase domain of RagB.

![**FLCN binds directly to the GTPase domain of RagA.** Left: in vitro binding assay where GST-FLCN was immobilized on GSH-beads and the binding of the indicated 6xHis-tagged-proteins (top) was detected by anti-6xHis immunoblotting. Equal loading of GST-FLCN was verified via anti-GST immunoblotting (bottom). Right: Ponceau S staining showing the migration of the various recombinant 6xHis-tagged proteins used in the in vitro binding assay.](JCB_201307084_Fig6){#fig6}

Constitutively active Rag GTPases rescue TFEB and mTOR localization in FLCN knockdown cells
-------------------------------------------------------------------------------------------

If the specific lysosome-localized function for FLCN is to support the GTP loading of RagA/B, then the introduction of constitutively GTP-bound RagA/B mutants into FLCN-deficient cells should rescue the defects in the regulation of mTORC1 signaling from this organelle. We investigated this possibility using TFEB-GFP as well as endogenous mTOR localization as our readouts. Whereas overexpression of wild-type Rags (A+C and B+D heterodimers) had no detectable effect on the subcellular localization of TFEB under either control or FLCN knockdown conditions, the expression of constitutively active combinations of either RagB+D or RagA+C abolished the nuclear accumulation of TFEB in FLCN knockdown cells ([Fig. 7, A and B](#fig7){ref-type="fig"}; and Fig. S5 B). We also observed a rescue of mTOR localization to the lysosomes when FLCN knockdown cells were transfected with constitutively active RagB+D mutants ([Fig. 7 C](#fig7){ref-type="fig"}). The selective ability of constitutively active Rag GTPase mutants to rescue both TFEB and mTOR localization supports a model wherein FLCN promotes their activation ([Fig. 8](#fig8){ref-type="fig"}).

![**Constitutively active Rag GTPase mutants rescue the effects of FLCN KD on TFEB and mTOR localization.** (A) Immunofluorescence analysis of TFEB-GFP and HA-GST-Rag GTPase localization in control or FLCN KD cells cotransfected with either wild-type RagB+D or constitutively active (CA) Rag B+D (RagB Q99L + RagD S77L) heterodimers. Dashed lines highlight the Rag-transfected cells. (B) Quantification of the fraction of cells exhibiting predominantly nuclear (nuclear ≥ cytoplasmic signal intensity) TFEB-GFP localization after cotransfection of either control siRNA or FLCN knockdown cells with the indicated Rag GTPases (mean ± SEM, *n* = 3 experiments with \>20 cells/condition/experiment). (C) Immunofluorescence analysis of mTOR localization in control or FLCN KD cells cotransfected with either wild-type RagB+D or CA RagB+D heterodimers. All images obtained by line scanning confocal imaging. Bars, 10 µm. All experiments were performed in HeLa cells.](JCB_201307084_Fig7){#fig7}

![**Schematic diagram summarizing the proposed lysosome-localized role for FLCN and FNIP1 in the amino acid-dependent regulation of Rag GTPases, mTORC1 and TFEB.**](JCB_201307084_Fig8){#fig8}

Discussion
==========

In this study, we identify the lysosome-localized Rag GTPases as targets of FLCN, the Birt-Hogg-Dubé syndrome tumor suppressor ([Fig. 8](#fig8){ref-type="fig"}). FLCN is selectively recruited to lysosomes ([Fig. 4](#fig4){ref-type="fig"}) and preferentially interacts with inactive RagA/B GTPases when amino acid levels are low ([Fig. 5](#fig5){ref-type="fig"}), but is required for their subsequent reactivation when amino acid levels are restored ([Fig. 2](#fig2){ref-type="fig"}). We also show that FLCN preferentially interacts with inactive RagA/B mutants ([Fig. 5 C](#fig5){ref-type="fig"}). In vitro binding assays with recombinant proteins demonstrate that such binding is direct and via the RagA/B GTPase domain ([Fig. 6](#fig6){ref-type="fig"}). FLCN-depleted cells fail to recruit either TFEB or mTORC1 (the only two known RagA/B effectors; [@bib32]; [@bib41]) to lysosomes, and as a consequence further exhibit elevated nuclear levels of TFEB ([Fig. 1, A and B](#fig1){ref-type="fig"}), altered lysosome pH, and reduced mTORC1 activity ([Fig. 1, D and E](#fig1){ref-type="fig"}; [Fig. 2, A--C, F, and G](#fig2){ref-type="fig"}). FNIP1, the major previously characterized FLCN-binding protein, is critical for both the recruitment of FLCN to lysosomes ([Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}) and its interactions with Rag GTPases ([Fig. 5 G](#fig5){ref-type="fig"}). Collectively, these results: (1) define the lysosome as a major site of FLCN localization; (2) show that such FLCN localization is regulated by amino acid availability; (3) identify Rag GTPases as direct binding partners and lysosome-localized targets of FLCN function; and (4) establish a requirement for FLCN for the ability of cells to activate mTORC1 and sequester TFEB from the nucleus when amino acids are abundant.

Having now identified a direct physical and functional relationship between FLCN and RagA/B, it is possible to retrospectively appreciate numerous clues in studies of non-mammalian model organisms that are consistent with an evolutionarily conserved relationship between FLCN, responsiveness to changes in amino acid availability, and Rag GTPase regulation. For example, the major growth defects arising in *Drosophila* FLCN mutants were rescued by dietary amino acid supplementation ([@bib35]). Even before the identification of FLCN mutations as the underlying cause of Birt-Hogg-Dubé syndrome ([@bib45]), the budding yeast homologue of FLCN was first identified in a genetic screen designed to isolate genes that exhibited synthetic lethality with Sec13 mutations ([@bib52]) and named "lethal with Sec13 7" (*LST7*). Further analysis of Lst7 found that rather than being involved in COPII coat formation (the canonical site of action of Sec13), Lst7 along with Lst4, Lst8, and Sec13 played a distinct role in the nutrient-regulated trafficking of Gap1, an amino acid transporter ([@bib52]). A separate study from the same laboratory subsequently identified Gtr1 and 2 (the yeast Rag GTPase homologues) as important regulators of Gap1 trafficking ([@bib17]). It has also been shown that Lst8 is an evolutionarily conserved TORC1 component ([@bib36]; [@bib29]). More recently, Sec13 itself was found to have a vacuole/lysosome-localized, COPII-independent role in the regulation of TORC1 via Gtr/Rag GTPase regulation ([@bib14]; [@bib4]; [@bib50]). With respect to *LST4*, a very recent bioinformatic analysis predicted that despite minimal primary sequence similarity, this gene is most likely the yeast homologue of human FNIP1 ([@bib33]). In agreement with these insights that arise from analyzing the context of the original identification of Lst7, a large-scale chemical genetic effort to annotate yeast gene function also independently linked Lst7 to Gtr1/2 (Rag GTPase homologues) and their regulators ([@bib23]).

Although our study as well as the abovementioned data derived from yeast support a role for FLCN as a positive regulator of mTORC1 activity via Rag GTPase regulation, it has been observed that some cysts and tumors arising from lack of FLCN in both humans and mice can actually have elevated mTORC1 activity ([@bib12]; [@bib21]; [@bib46]). It is not clear how absence of FLCN can have opposite effects on the mTORC1 pathway in different contexts. One possibility is that these opposing effects on the mTORC1 pathway reflect the existence of cell type--specific compensatory mechanisms that operate after the prolonged loss of FLCN. Our identification of direct contacts between FLCN, Rags, and lysosomes provides new targets that should contribute to the eventual resolution of this issue.

Even though amino acids have a well-established role in regulating mTORC1 activity via Rag GTPase regulation, the actual mechanism whereby intracellular amino acid abundance is sensed and transduced to the Rags has not been unambiguously established, and the abundance of proteins that have been very recently identified as contributing to this process make it clear that FLCN functions within the context of a much larger protein machinery that converges on mTORC1 regulation ([@bib70]; [@bib3], [@bib4]; [@bib6]; [@bib15]; [@bib18]; [@bib31]; [@bib49]; [@bib66]; [@bib50]). The integration of the roles of all these proteins into a coherent model represents an important challenge along the road to fully understanding how cells sense and respond to changing amino acid levels.

The role for amino acids in stimulating the conversion of RagA/B to their GTP-bound state suggests the need for an amino acid--regulated guanine nucleotide exchange factor (GEF) for these GTPases. The sole RagA/B GEF identified to date is the Ragulator complex that is also responsible for the recruitment of Rag heterodimers to the lysosomal membrane ([@bib3]). Our observations that FLCN binds to GDP-bound/nucleotide-free RagA/B but is critical for the regulation of mTORC1 and TFEB, their two known effectors ([@bib54]; [@bib41]), is consistent with a potential direct RagA/B GEF function for FLCN that could work in parallel with the previously described Ragulator pathway for RagA/B regulation. Interestingly, a crystal structure of the C terminus of FLCN combined with bioinformatic analysis of the full-length protein predicted that the FLCN protein contains a DENN (differentially expressed in normal and neoplastic cells) domain ([@bib47]). DENN domains are present in proteins that act as GEFs for members of the Rab family of GTPases ([@bib1]; [@bib68]; [@bib67]), and the DENN1B--Rab35 co-crystal structure provided specific insight into the mechanisms of GEF action by DENN domains ([@bib67]). FLCN was proposed to act as a GEF for Rab35 ([@bib47]), a protein implicated in the regulation of membrane trafficking early in the endocytic pathway ([@bib40]). However, an in vivo role for FLCN as a Rab35 GEF was not established ([@bib47]), and the lysosomal localization, Rag GTPase interactions, and regulation of Rag effectors that we report here for FLCN suggests the alternative possibility of a physiologically relevant role for FLCN as a RagA/B GEF.

Although DENN domains are best characterized for their Rab GEF function, the identification of a partial DENN domain within the FLCN C terminus ([@bib47]) along with subsequent bioinformatic analyses ([@bib69]; [@bib33]) have resulted in the prediction of multiple new putative DENN domain proteins whose precise functions remain uncharacterized. Surprisingly, FNIP1 is predicted to have a DENN domain by such studies ([@bib69]; [@bib33]). Interestingly, similar to the FLCN--FNIP1 example of putative DENN domain proteins that dimerize with one another, Nprl2 and Nprl3 are two additional proteins with at least partial predicted homology to DENN domains ([@bib69]; [@bib33]) that also heterodimerize ([@bib44]). However, contrary to the expectations that DENN domain proteins should act as GEFs, the only known role for Nprl2/3 and their yeast homologues is to promote the activity of DEPDC5/Iml1, a RagA/B GAP ([@bib4]; [@bib50]). This example raises the possibility that FLCN--FNIP1 regulates RagA/B by a novel mechanism that is independent of a classical GEF function for their DENN domains. With this possibility in mind, it is also important to note that Lst7, the yeast FLCN homologue, is a much smaller protein that lacks the very region that was crystallized and found to have a DENN-like structure in human FLCN ([@bib47]) in spite of considerable evidence (discussed above) that supports an evolutionarily conserved function for Lst7 in Gtr1/2/Rag regulation. Thus, although our data are consistent with the possibility that FLCN acts via its DENN domain as a GEF for RagA/B, these additional considerations indicate that the actual situation is potentially more complex, and significant further experimentation will be required to address this topic.

From a technical perspective, it is noteworthy that although overexpressed FLCN and FNIP1 proteins provided a valuable clue about the ability of FLCN to localize to lysosomes ([Fig. 3](#fig3){ref-type="fig"}), we were only able to fully appreciate the amino acid--dependent regulation of FLCN localization upon detection of a functional epitope-tagged protein expressed from the endogenous locus ([Fig. 4](#fig4){ref-type="fig"}). Having shown the utility of this approach, we expect that the newly available CRISPR-Cas9/ssDNA oligonucleotide-based knock-in strategy that enables detection of proteins-of-interest with the robust 3xHA tag/antibody combination that we have used here will prove useful in future studies where reliable immunofluorescence detection is limited by either antibody availability, epitope accessibility, or target antigen abundance.

As elevated mTORC1 activity has been observed in many cancers ([@bib32]), it is perhaps puzzling that a tumor suppressor such as FLCN positively regulates mTORC1 activity. However, independent of any mutation affecting canonical components of the mTORC1 signaling pathway, the overexpression of MiT-TFE transcription factors due to chromosomal translocations is sufficient to cause renal carcinoma in humans ([@bib19]; [@bib34]). Thus, the strong nuclear localization of TFEB that we observed here in FLCN-deficient cells ([Fig. 1, A and B](#fig1){ref-type="fig"}), as well as the previous characterization of a role for FLCN as a negative regulator of the nuclear localization of TFE3 ([@bib24]; [@bib5]), point to these transcription factors as being the candidate targets for the tumor suppressor function of FLCN in Birt-Hogg-Dubé syndrome. Although Rag GTPases were initially proposed to exert inhibitory effects on MiT-TFE transcription factors solely through their regulation of mTORC1 ([@bib42]; [@bib53]; [@bib57]), it has since been discovered that MiT-TFE transcription factors are also direct RagA/B effectors ([@bib41]). This interaction between RagA/B^GTP^ and MiT-TFE proteins is critical for their recruitment to lysosomes and subsequent mTORC1-dependent phosphorylation. Thus, as negative regulation of MiT-TFE transcription factors depends on Rag GTPases for both their own recruitment as well as for mTORC1 recruitment and activation, even modest changes in Rag GTPase activation status will exert a stronger effect on MiT-TFE proteins than on other mTORC1 targets that lack this two-pronged dependence on the Rags.

In summary, our investigation of the relationship between FLCN, mTORC1, and MIT-TFE transcription factor regulation has provided evidence that FLCN functions at the lysosome where it interacts with both FNIP1 and the Rag GTPases, and is required for maximal amino acid--dependent stimulation of mTORC1 activity. Furthermore, we propose that it is through these combined effects on the Rag GTPases and mTORC1 that FLCN regulates the nuclear abundance of MiT-TFE transcription factors. Given the unique sensitivity of MiT-TFE transcription factors to alterations in Rag GTPase activity as well as the growing appreciation of additional roles for these proteins in the regulation of metabolism ([@bib48]; [@bib58]) and stem cell pluripotency ([@bib5]) along with their overexpression in multiple cancers ([@bib19]; [@bib34]; [@bib65]), it is plausible that MiT-TFE dysregulation arising from reduced RagA/B activation contributes to Birt-Hogg-Dubé syndrome pathology. Building on our new findings, further investigation and eventual therapeutic manipulation of this signaling pathway could have an important impact on the treatment of Birt-Hogg-Dubé syndrome and other cancers that arise from alterations in MiT-TFE transcription factor activity.

Materials and methods
=====================

Cell culture and transfection
-----------------------------

HeLa (American Type Culture Collection) or HeLa M subline (provided by P. De Camilli, Yale University, New Haven, CT) cells were grown in DMEM (+[l]{.smallcaps}-glutamine), 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin supplement (all from Invitrogen). Where indicated, cells were starved for 2 h by incubation in either amino acid--free RPMI (US Biologicals) or Earle's buffered saline solution (Invitrogen). Amino acid stimulation was achieved with 1× MEM amino acid supplement (Invitrogen). As previously described ([@bib53]), the TFEB-GFP stable HeLa cell line was generated by transfection of a pcDNA--human TFEB-GFP plasmid (provided by A. Ballabio, Telethon Institute of Genetics and Medicine, Naples, Italy) followed by selection with 500 µg/ml G418 (Invitrogen) and isolation of a clonal population of TFEB-GFP--positive cells. Transfections were performed with 4 µg of plasmid DNA, 12 µl of Fugene 6, and 800 µl of Opti-MEM (Invitrogen) per 100-mm dish of sub-confluent cells. For transfection of smaller or larger dishes, the volumes were scaled proportionally. Full-length mouse FLCN (BC015687.2) and FNIP1 (BC001956.1) sequences were PCR amplified from cDNAs purchased from Thermo Fisher Scientific, and cloned into pEGFP-N1 and ptdTomato-N1 plasmids (Takara Bio Inc.) as EcoRI+KpnI and XhoI+KpnI fragments, respectively. pRK5 plasmids encoding HA-GST--tagged human Rag GTPases and mutants thereof (RagA T21L, RagA Q66L, RagB T54L, RagB Q99L, RagC Q120L, RagC S75L, RagD S77L, and RagD Q121L) were obtained from D. Sabatini (Massachusetts Institute of Technology, Cambridge, MA) via Addgene ([@bib54]). LAMP1-mGFP ([@bib16]) was provided by E. Dell'Angelica (UCLA, Los Angeles, CA). siRNA was transfected with the RNAiMAX transfection reagent (Invitrogen). siRNAs corresponding to the following target sequences were obtained from Thermo Fisher Scientific: TFEB (D-009798-03: 5′-AGACGAAGGUUCAACAUCA-3′); FLCN (D-009998-04: 5′-GAUAAAGAGACCUCCAUUA-3′); p18 (D-020556-04: 5′-CCAAGGAGACCGUGGGCUU-3′); and FNIP1 (D-032573-19: 5′-GGUAGUUGGCAAACGACAA-3′).

The following siRNAs were purchased from Integrated DNA Technologies: negative control (5′-CGUUAAUCGCGUAUAAUACGCGUAT-3′) and FLCN (5′-GGAUCUACCUCAUCAACUCCUGGCC-3′). Cells were analyzed 2 d after siRNA transfection.

RNA guided, Cas9-mediated engineering of the endogenous FLCN locus
------------------------------------------------------------------

Cas9 and guide RNA (gRNA) expression vectors ([@bib39]) were obtained from Addgene. The following sequence: 5′-GGCACC[ATG]{.ul}AATGCCATCG-3′ (FLCN start codon underlined) was cloned into the gRNA expression vector in order to direct Cas9 nuclease activity toward the first coding exon of FLCN. To insert a 3xHA tag into this site via homologous recombination, we took advantage of a single-stranded DNA oligonucleotide-based genome editing strategy that was previously used in conjunction with zinc finger nucleases ([@bib11]) and adapted it for the use of Cas9. To this end, an oligonucleotide was synthesized (IDT) that contained the 3xHA coding sequence followed by a GGGGS linker that was flanked on either side by ∼40 base pairs of sequence surrounding the FLCN start codon (Fig. S4). This sequence further included silent mutations to generate mismatches with the FLCN gRNA so as to prevent retargeting of the modified locus. 300 pmol of oligonucleotide was electroporated into one million HeLa M cells along with 2.5 µg each of the Cas9 and FLCN gRNA plasmids (Amaxa kit R, program A-24; Lonza). 1 wk after electroporation, cells were replated into 150-mm dishes at clonal density. Individual colonies were subsequently selected and expanded in 24-well dishes. After extraction of genomic DNA (QuickExtract DNA extraction solution; Epicentre), PCR (sense primer: 5′-GCTTTGTGGCTGTGGCTCTGTC-3′ and antisense primer: 5′-GACACTTGCCTCGCACATGTCC-3′) was performed using Phusion polymerase (New England Biolabs, Inc.) to amplify the genomic sequence surrounding the first FLCN coding exon to screen for clones that contained the 102 bp 3xHA tag + linker insertion (Fig. S4). To confirm the precise sequence of the targeted locus, PCR products were cloned into a plasmid (Zero Blunt TOPO PCR cloning kit; Invitrogen), transformed, and DNA from multiple colonies was directly sequenced.

Antibodies
----------

The following primary antibodies were used in our experiments: anti--GFP-HRP (horseradish peroxidase; Miltenyi and Rockland Immunochemicals); pan--14-3-3 (Santa Cruz Biotechnology, Inc.); tubulin (Sigma-Aldrich); HA-HRP (Roche); GFP (Invitrogen); FNIP1 (Epitomics); and HA, 6xHis, LAMP1, mTOR, RagC, raptor, S6K1, phosphoT389--S6K1, S6, phospho--S6, FLCN, and p18/Lamtor1 (Cell Signaling Technology). Rabbit anti-GST antibody raised against full-length recombinant *Schistosoma japonicum* GST was provided by P. De Camilli (Yale University, New Haven, CT). The rabbit anti--phospho-TFEB serine 211 antibody was raised against the KVGVTSS-phosphoS-CPADLTQ peptide and the resulting serum was sequentially depleted and affinity purified with nonphosphorylated and phosphorylated versions of this peptide (Yenzym).

Expression and purification of recombinant proteins
---------------------------------------------------

To prepare recombinant proteins for in vitro binding assays, human Rag A and C were expressed individually from the pETDUET expression plasmid (EMD Millipore) to produce 6xHis-tagged proteins. Full-length mouse FLCN was cloned into the pGEX-6P-1 expression plasmid (GE Healthcare) for the production of a GST-FLCN fusion protein. The 6xHis-Rab35 construct was provided by K. Reinisch (Yale University, New Haven, CT; [@bib67]). Plasmids were transformed into *Escherichia coli* BL21 (DE3) cells (Invitrogen). Cells were grown to an OD~600~ of 0.6 then shifted to 20°C and protein expression was induced by adding 0.5 mM IPTG and allowing the cultures to proceed overnight at 20°C.

For His-tagged proteins (full-length Rag A and C, GTPase domain of Rag A and C, and Rab35), cell pellets were resuspended in lysis buffer (20 mM Tris, pH 8.0, 300 mM NaCl, 15 mM imidazole, and 2 mM DTT) supplemented with protease inhibitor (Complete EDTA-free; Roche), lysed by sonication, and proteins were isolated on Ni-NTA columns (QIAGEN). Proteins were then eluted in 20 mM Tris, pH 8.0, 150 NaCl, 300 mM imidazole, and 2 mM DTT, and then extensively dialyzed against 20 mM Tris, pH 8.0, 150 mM NaCl, 20% glycerol, and 2 mM DTT.

For GST-FLCN, cells were resuspended in lysis buffer (50 mM Tris, pH 8.0, 0.5 mM MgCl~2~, 0.1% Triton X-100, and 1 mM DTT) supplemented with protease inhibitor, lysed by sonication, and proteins were isolated on glutathione Sepharose (GE Healthcare) columns. Proteins were then eluted in lysis buffer supplemented with 20 mM glutathione and extensively dialyzed against 20 mM Tris, pH 8.0, 150 mM NaCl, 20% glycerol, and 2 mM DTT.

In vitro binding assay
----------------------

For the binding reactions, 2.5 µg of GST-FLCN was incubated for 1 h at 4°C with 25 µl of glutathione Sepharose slurry in 200 µl of binding buffer (40 mM Hepes, pH 7.4, 1% Triton X-100, 2.5 mM MgCl~2~, 2 mM DTT, and 1 mg/ml BSA). 10 µg of 6xHis-tagged protein (Rab35, full-length Rag A, full-length Rag C, GTPase domain of Rag A, or GTPase domain of Rag C) was added and the samples were rotated for 1 h at 4°C. The reactions were then washed three times with ice-cold binding buffer, followed by protein elution with 50 µl of Laemmli buffer.

Immunoprecipitations and immunoblotting
---------------------------------------

Cells were lysed in TBS + 1% Triton X-100 + protease and phosphatase inhibitor cocktails (Roche) and insoluble material was removed by centrifugation for 10 min at 20,000 *g*. Immunoprecipitations (TFEB-GFP) were performed on the resulting supernatant using anti-GFP agarose beads (Allele Biotechnology). HA-GST--tagged Rag proteins were purified from such extracts using glutathione Sepharose beads (GE Healthcare). Immunoblotting was performed using standard methods and the antibodies defined above. Chemiluminescent detection of HRP signals was performed via a Versadoc imaging station (Bio-Rad Laboratories).

Immunofluorescence and cell labeling
------------------------------------

For standard immunofluorescence experiments, cells were grown on no. 1.0 glass coverslips and fixed with 4% paraformaldehyde/0.1 M sodium phosphate buffer (pH 7.2). Blocking was performed with 3% bovine serum albumin in PBS + 0.1% Triton X-100 or saponin. Primary and secondary antibody dilutions were performed in the same solution. Alexa 488-- and Alexa 555--conjugated secondary antibodies were obtained from Invitrogen. Nuclei were stained with 1 µg/µl DAPI (Invitrogen) during one of the post-secondary antibody washes. Coverslips were finally mounted in ProLong Gold mounting medium (Invitrogen).

As we were unable to detect a signal above background using conventional indirect immunofluorescence for detection of 3xHA-FLCN expressed from its endogenous locus, we resorted to the use of a tertiary antibody in our staining protocol to increase detection sensitivity ([@bib60]). For this purpose, the mouse anti-HA primary antibody was followed by unlabeled goat anti--mouse IgG (Jackson ImmunoResearch Laboratories, Inc.) and then by Alexa 594--conjugated donkey anti--goat IgG (Invitrogen). Blocking and antibody incubations in these experiments were performed in PBS + 0.1% Triton X-100 + 5% normal donkey serum.

Lysosomes and nuclei were identified in live-cell imaging experiments with Lysotracker red DND-99 (50 nM for 10 min; Invitrogen) and Hoechst 33342 (1 µg/ml for 10 min; Cell Signaling Technology) staining, respectively, and the resulting spinning disk confocal images (20× or 40× objectives) were quantified using Cell Profiler to measure the average Lysotracker staining per cell. Dextran (10 µg/ml Alexa 647--Dextran, 10,000 MW; Invitrogen) labeling of lysosomes was performed via an overnight incubation followed by a 1-h washout before imaging.

Microscopy
----------

Spinning disc confocal microscopy was performed using the UltraVIEW VoX system (PerkinElmer) including an inverted microscope (Ti-E Eclipse, Nikon; equipped with 60× CFI PlanApo VC, NA 1.4, oil immersion; 40× CFI Plan Apo, NA 1.0, oil immersion objective; and 20× CFI Plan Apo, NA 0.75, air objective) and a spinning disk confocal scan head (CSU-X1, Yokogawa) driven by Volocity (PerkinElmer) software. Images were acquired without binning with a 14-bit (1,000 × 1,000) EMCCD (Hamamatsu Photonics). Typical exposure times were 100--500 ms. Cells were imaged at room temperature (∼22°C). For live-cell imaging experiments the imaging medium consisted of 136 mM NaCl, 2.5 mM KCl, 2 mM CaCl~2~, 1.3 mM MgCl~2~, and 10 mM Hepes, pH 7.4. Line-scanning confocal microscopy images (immunofluorescence samples) were acquired with a laser scanning confocal microscope (LSM 710; Carl Zeiss) using a 63× Plan Apo (NA 1.4) oil immersion objective and Efficient Navigation (ZEN) software (Carl Zeiss).

Image analysis
--------------

Post-acquisition image analysis was performed with ImageJ (National Institutes of Health) and Cell Profiler software ([@bib7]). The absolute ratio of nuclear to cytoplasmic TFEB-GFP was quantified using Cell Profiler on images of paraformaldehyde-fixed cells acquired by spinning disk confocal microscopy using either the 20× or 40× objectives. Nuclei were identified by DAPI staining and nuclear edges were uniformly expanded to form a halo that defined the surrounding cytoplasmic compartment in each cell. The mean intensities of the nuclear and cytoplasmic regions were measured and used to calculate nuclear to cytoplasmic ratio. On average, greater than 200 cells per condition were analyzed per experiment.

TFEB nuclear localization in [Figs. 7](#fig7){ref-type="fig"} and S5 was determined by visual inspection of photographs acquired by spinning disk confocal microscopy with a 20× CFI Plan Apo, NA 0.75 objective. Cells were visually scored as having nuclear localization if the nuclear levels of TFEB exceeded those in the cytoplasm. At least 20 cells were scored per condition per experiment.

Statistical analysis
--------------------

Data were analyzed using Prism (GraphPad Software) and the tests specified in the figure legends. All error bars represent the SEM.

Online supplemental material
----------------------------

Fig. S1 provides a characterization of the sensitivity of mTORC1 target phosphorylation to torin 1 treatment. Fig. S2 demonstrates the effects of FLCN knockdown on both the lysosomal localization of mTOR and TFEB phosphorylation under basal, starved, and re-fed conditions. Fig. S3 shows the effect of FNIP1 knockdown on TFEB localization. Fig. S4 provides an overview of the strategy for introducing a 3xHA tag into the FLCN endogenous locus. Fig. S5 shows the effects of Rag B+D mutations on FLCN binding and the effect of Rag A+C mutations on TFEB localization ± FLCN knockdown. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201307084/DC1>.
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